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Summary
Objective: An in vitro model was used to test the hypothesis that culture time and adjacent tissue structure and composition affected
chondrogenesis and integrative repair in engineered cartilage.
Method: Engineered constructs made of bovine calf chondrocytes and hyaluronan benzyl ester non-woven mesh were press-ﬁtted into
adjacent tissue rings made of articular cartilage (AC), devitalized bone (DB), or vital bone (VB) and cultured in rotating bioreactors for up to 8
weeks. Structure (light and electron microscopy), biomechanical properties (interfacial adhesive strength, construct compressive modulus),
biochemical composition (construct glycosaminoglycans (GAG), collagen, and cells), and adjacent tissue diffusivity were assessed.
Results: Engineered constructs were comprised predominately of hyaline cartilage, and appeared either closely apposed to adjacent cartilage
or functionally interdigitated with adjacent bone due to interfacial deposition of extracellular matrix. An increase in culture time signiﬁcantly
improved construct adhesive strength (P! 0.001), modulus (PZ 0.02), GAG (PZ 0.04) and cellularity (P! 0.001). The type of adjacent
tissue signiﬁcantly affected construct adhesion (P! 0.001), modulus (P! 0.001), GAG (P! 0.001) and collagen (P! 0.001). For constructs
cultured in rings of cartilage, negative correlations were observed between ring GAG content (log transformed) and construct adhesion
(R2Z 0.66, P! 0.005), modulus (R2Z 0.49, P! 0.05) and GAG (R2Z 0.44, P! 0.05). Integrative repair was better for constructs cultured
adjacent to bone than cartilage, in association with its solid architectural structure and high GAG content, and best for constructs cultured
adjacent to DB, in association with its high diffusivity.
Conclusions: Chondrogenesis and integrative repair in engineered cartilage improved with time and depended on adjacent tissue architecture,
composition, and transport properties.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The repair of focal defects in articular cartilage (AC)
remains an important, unsolved clinical challenge, and
a number of tissue engineering approaches have been
attempted to promote cartilage regeneration1. Although
cell-based AC repair procedures are already in widespread
clinical use2,3, a recent critical review of the literature
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Received 1 June 2004; revision accepted 22 October 2004.12relating to AC repair concluded that the ﬁeld was principally
empirical in nature, and the results were unsatisfactory with
respect to repair tissue quality and durability1. In particular,
the problem of incomplete and uncontrollable integrative
repair of engineered cartilage may limit its long-term
biomechanical function4,5.
We hypothesized that culture time and adjacent tissue
structure and composition affected chondrogenic and
integrative repair processes in tissue engineered cartilage.
To test this hypothesis and collect quantitative data, we
used in vitro models described previously6,7 to study the
maturation and integration of engineered cartilage con-
structs made of bovine calf chondrocytes and hyaluronan-
based scaffolds. Composites made of engineered cartilage
and three types of adjacent tissue rings (AC, devitalized
bone (DB), or vital bone (VB)) were cultured in vitro for up to
8 weeks and compared with respect to structure (histology,
adjacent tissue diffusivity), biomechanical properties (in-
terfacial adhesive strength, construct compressive modu-
lus), and biochemical composition (construct amounts of
glycosaminoglycans (GAG), collagen, and cells).9
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depend on the presence of vital, metabolically active
cells6,8,9 and on interfacial deposition and cross-linking of
newly formed collagen10,12. We selected to study integra-
tion of constructs with AC and with trabecular (cancellous)
bone because (1) cartilage and trabecular bone are repre-
sentative of the range of tissues that take part in cartilage
repair processes, and (2) our in vitro model required
adjacent tissues that were at 1e2 mm thick, for reproducible
handling. We further selected to study cells and tissues at
early stages of development (chondrocytes, cartilage and
bone derived from 2e4-week-old bovine calves) in an
attempt to maximize the repair capacities of the construct6,
cartilage12, and bone13.
Methods
ENGINEERED CONSTRUCTS
Chondrocytes were obtained from cartilage harvested
from femoropatellar grooves of 2e4-week-old bovine calves
within 8 h of slaughter. Cells were isolated using 0.15% type
II collagenase (300 U/mg, Worthington) in media containing
10% fetal bovine serum (FBS) for 14 h at 37(C with shaking
(25 rpm), and resuspended in culture medium (Dulbecco’s
Modiﬁed Eagle medium (DMEM) with 4.5 g/L glucose sup-
plemented with 10% FBS, 10 mM HEPES, 0.1 mM non-
essential amino acids, 0.4 mM proline, 50 mg/L L-ascorbic
acid, 100 U/mL penicillin, 100 mg/mL streptomycin, and
0.5 mg/mL fungizone).
The scaffold was a non-woven mesh made of hyaluronan
benzyl ester, provided as 2! 2! 0.2 cm patches sterilized
by gamma irradiation (HyalograftC, Lot No. 076/01, Fidia
Advanced Biopolymers, Abano Terme, Italy). The hyalur-
onan derivative (Hyaff11) had an initial weight averaged
molecular weight (Mw) of 168G 1 kDa
14. The non-woven
mesh had 12 mm diameter ﬁbers, porosity of 95%, and bulk
density of 68G 7 mg/cm3 7.
Immediately prior to cell seeding, scaffolds were wetted in
FBS for 1 h, dried by vacuum suction, die-punched into
discs (6 mm diameter, 2 mm thick), and threaded onto
needles (25 gauge, 10 cm long) embedded in the stoppers
of spinner ﬂasks (4 needles and 10 scaffolds per ﬂask).
Culture media (120 mL) and freshly isolated cells were
added (6 million cells per disc; 60 million cells per ﬂask)15,
and ﬂasks were mixed at 60 rpm using a 4-cm long
magnetic stir bar in a 37(C humidiﬁed 5% CO2 incubator
with the side caps loosened to permit gas exchange. After 3
days, cell-polymer constructs were sampled and utilized to
generate composites.
ADJACENT TISSUES
Three different tissues, all derived from knee joints of
2e4-week-old bovine calves, were studied: (1) AC, (2) VB,
and (3) DB. Tissues obtained from 12 different calves were
used in three independent studies. The AC was harvested
from the femoropatellar groove (10 mm diameter, full-
thickness cores, 8e9 per knee joint), rinsed with phosphate
buffered saline (PBS) and stored for 16 h in DMEM at 4(C
prior to composite preparation. The VB was harvested from
femorae in the region deep to the femoropatellar groove
cartilage (10 mm diameter, 5e10 mm deep cores). A razor
blade was ﬁrst used to remove the uppermost 1 mm of the
bone (i.e., the growth plate), and then to make ﬂat, 2e3 mm
thick discs. In the VB group, discs were rinsed with PBS,transferred to petri dishes, and cultured for 16 h in DMEM at
37(C prior to composite preparation. In the DB group, discs
were soaked in distilled water (1 week with 10 mL sterile
water per disc per day), lyophilized (3 days), and stored at
20(C prior to composite preparation.
On the day of composite preparation, ﬂat discs of AC
(10 mm diameter, 2e3 mm thick) were made from the
full-thickness AC cores using a razor blade and a cylin-
drical holding device with spacers of variable thickness. A
concentric, custom-made stainless steel punch was used to
generate AC, VB, and DB rings (10 mm OD, 5 mm ID,
2e3 mm thick). Immediately thereafter, a dermal punch was
used to make construct discs (5 mm diameter, 2 mm thick)
and these were press-ﬁtted into AC, VB, or DB rings. After 7
days of culture in petri dishes (one composite and 6 mL
medium per 35 mm well, with orbital mixing at 25 rpm),
composites were transferred into rotating bioreactors
(RCCV 110, Synthecon, Houston, TX) using 10 composites
and 110 mL medium per vessel6. Composites were main-
tained freely suspended by continuous rotation of the
vessel (30e40 rpm), and gas exchange was provided via
an internal membrane15. Culture media were completely
replaced every 3e4 days. Samples were taken after 4 and 8
weeks of culture.
HISTOLOGICAL ANALYSES
Representative composites (nZ 2 per data point) were
used for histology. Samples for light microscopy were ﬁxed
in 10% neutral buffered formalin for 24 h at room
temperature (RT). Composites with AC rings were trans-
ferred to 70% ethanol directly whereas composites con-
taining VB or DB rings were ﬁrst decalciﬁed (i.e., rinsed with
water, placed in an acidic decalciﬁer solution (RDO, Apex)
for 2 h at RT, rinsed thoroughly with water) and then
transferred to 70% ethanol. Samples were embedded in
parafﬁn, sectioned to 5 mm, stained with hematoxylin and
eosin (for general evaluation) and safranin-O/fast green (for
GAG), and immunostained with monoclonal antibodies
against bovine collagen types I and II7.
Samples for transmission electron microscopy (TEM)
were ﬁxed in 5% glutaraldehyde and 4% formaldehyde
(EMS) for 3 h at 4(C, rinsed with PBS (10 mL per
composite, 3 rinses), decalciﬁed for 2 h at RT, rinsed with
tap water, and stored in PBS at 4(C. The samples were
post-ﬁxed in 1% OsO4 (EMS) for 2 h at 4(C, rinsed with
distilled water (10 mL per composite, 3 rinses), dehydrated
through graded ethanols and 1:2 epoxypropane, embedded
in epoxy resin, sectioned to 1 mm, and stained with toluidine
blue for selection of appropriate areas. Ultrathin sections
were taken, stained with uranyl acetate and lead citrate, and
examined with an electron microscope (Phillips).
BIOMECHANICAL ANALYSES
Representative composites (nZ 6 per data point) were
used for biomechanical analyses. The adhesive strength of
the bond between the construct and the adjacent tissue was
deﬁned as the stress required to displace the disc from the
ring6. Each composite was placed in a cylindrical holder and
a microtome blade was used to remove the ﬁbrous capsule
from the upper and lower surfaces of the disc-ring
composite. The shaved composite was secured in a cus-
tom-built push-through testing device that was connected to
an Electro-Force test (ELF-3200, Bose) ﬁtted with a 50 lb
load cell. Push-through testing consisted of applying
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at a constant rate of 0.5 mm/min until it was displaced from
the ring of adjacent tissue that was held ﬁxed in place.
Samples were kept wet with PBS throughout the test
period, and were not visibly deformed at the time of failure.
Adhesive strength was calculated as the measure of the
ultimate load divided by the original overlap area.
Following push-through or tensile testing, compressive
moduli were determined by stress-relaxation. In brief,
engineered constructs were equilibrated in PBS for 10 min
at RT and placed in a chamber custom-designed to provide
radial conﬁnement while permitting uni-axial ﬂuid ﬂow via
a stainless steel ﬁlter with 50-mm pore size. The chamber
was ﬁlled with PBS and connected to the ELF-3200 ﬁtted
with a 250 g load cell. Five consecutive stress-relaxations
were applied, each consisting of a 2% strain step followed
by a 600 s dwell. Constructs were considered to relax fully
during this increment based on a change in stress less than
0.003 MPa over the ﬁnal 180 s. Data were recorded using
a 10 Hz ﬁlter at an average sampling rate of 2 points/s.
Equilibrium modulus was determined as the slope of the
best linear regression ﬁt (r2O 0.95) of equilibrium stress vs
applied strain.
BIOCHEMICAL ANALYSES
Following push-through and conﬁned compression tests,
constructs (nZ 6 per data point) were weighed, frozen,
lyophilized, and papain-digested for 18 h at 60(C. Chon-
drocyte number was calculated from DNA content, de-
termined spectroﬂuorometrically with the use of Hoechst
33258 dye, using a conversion factor of 7.7 pg DNA per
chondrocyte16. GAG was measured spectrophotometrically
using dimethylmethylene blue dye17 and bovine chondroitin
sulfate as a standard. Total collagen content was de-
termined from the hydroxyproline content after acid
hydrolysis (6 N HCl at 115(C for 18 h) and reaction with
p-dimethylaminobenzaldehyde and chloramine-T18, using
a hydroxyproline-to-collagen ratio of one-to-ten, as pre-
viously described19.
DIFFUSIVITY STUDIES
Fluorescence recovery after photobleaching (FRAP)20,21
was used for diffusivity measurements on representative
samples of adjacent tissues (nZ 6 per group) within 24 h of
harvest. Samples were ﬁrst incubated for 24 h at 4(C in
a ﬂuorescein-conjugated dextran of molecular weight 3 or
70 kDa and dissolved in PBS at a concentration of 0.38 or
2.27 mg/mL, respectively. FRAP experiments were per-
formed on a Zeiss LSM 510 laser scanning confocal
microscope. All samples were equilibrated to room temper-
ature before testing. Each specimen was placed in
a custom-built chamber to hold the tissue in place against
a coverglass bottom. After an initial background image was
taken, an intense laser (488 nm) was shone on a small
portion of the sample to cause local photobleaching of
ﬂuorescent dextran molecules. The mean radius of the
bleached area was 40 mm. Recovery of the photobleached
spot was recorded in successive images, using a 20!/0.5
NA Plan-Neoﬂuar objective (Zeiss) with a confocal pinhole
of 166 mm. The optical slices were less than 7.2 mm, and the
images were 512 by 512 pixels, corresponding to a resolu-
tion of 0.9 mm/pixel. Diffusivities were calculated by ﬁtting
the fractional recovery of the bleached area against
frequency-scaled time, where fractional recovery wasmeasured by the decay of the spatial Fourier transforms
of the images20,22.
STATISTICAL ANALYSES
Statistical differences between groups were determined
by two-factor ANOVA in conjunction with least signiﬁcant
difference (LSD) post hoc test (Statistica Version 7,
StatSoft, Tulsa, OK). Relationships between the properties
of constructs and adjacent tissues were assessed with
least-squares linear regression (S-Plus, Insightful Corp.,
Seattle, WA). Values of P lower than 0.05 were considered
signiﬁcant.
Results
In all experimental groups, engineered constructs were
comprised predominately of hyaline cartilage with round-to-
oval chondrocytes in lacunar spaces and a matrix that
stained positive for GAG with safranin-O (Fig. 1) and
immunostained positive for collagen type II but not type I
(not shown). The remainder of the engineered construct
consisted of spindled cells in a loose ﬁbrous matrix that
immunostained positive primarily for type I collagen with
focal type II positivity. Constructs sampled after 8 weeks
stained more strongly with safranin-O than those sampled
after 4 weeks (Fig. 1). The Hyaff11 scaffold exhibited
minimal degradation over the 8 week in vitro study.
Constructs cultured adjacent to AC exhibited a cartilagi-
nous, well deﬁned interface with minimal evidence of
interdigitation by light microscopy [Fig. 1(AeD)]. In contrast,
in constructs cultured adjacent to DB [Fig. 1(EeH)] and VB
[Fig. 1(IeL)], bony trabeculae provided sites for cell
attachment and pockets 0.1e0.3 mm deep for the de-
position of new cartilaginous matrix. Interdigitation was
more pronounced with DB than VB, and increased over 8
weeks of cultivation. In DB cultured alone, no viable cells
were present, indicating that construct-derived cells had
generated the loose ﬁbrous tissue present in construct-DB
composites [Fig. 1(EeH)]. In contrast, in VB cultured alone,
a mix of cartilage, bone, and ﬁbrous tissue ﬁlled the
intertrabecular spaces (not shown), indicating that VB-
derived cells were present and may have modulated
integrative repair in construct-VB composites [Fig. 1(IeL)].
Focal areas of intermingling between the collagenous
ﬁbrillar network of the construct and that of the adjacent
cartilage [Fig. 2(A)] and bone [Fig. 2(C)] were observed
after 8 weeks of composite cultivation. Within the engi-
neered cartilage, cells located close to the interface with AC
had irregular, rufﬂed borders and were surrounded by
a loose network of randomly oriented collagen ﬁbrils
[Fig. 2(A)], whereas cells located further from the interface,
often in the vicinity of Hyaff11, had smooth borders and
were surrounded by a denser territorial matrix [Fig. 2(B)].
Collagen ﬁbril diameters were 20e25 nm, consistent with
collagen type II [Fig. 2(D)].
Two-factor ANOVA in conjunction with post hoc analysis
showed that integrative repair improved with time, was
better for constructs cultured adjacent to bone than
cartilage, and was best for constructs cultured adjacent to
DB. An increase in culture time signiﬁcantly improved four
of the ﬁve assessed construct properties: adhesive strength
(P! 0.001), modulus (PZ 0.02), GAG (PZ 0.04) and
cellularity (P! 0.001) [Figs. 3(A,B) and 4(A,C)]. The type
of adjacent tissue (ring) signiﬁcantly affected four of the ﬁve
construct properties assessed: adhesion (P! 0.001),
132 E. Tognana et al.: In vitro cartilage integrationFig. 1. Integration at the 100 mm scale. Histological appearance of constructs cultured as composites with rings of (AeD) articular cartilage,
(EeH) devitalized bone or (IeL) vital bone for (A,B,E,F,I,J) 4 weeks or (C,D,G,H,K,L) 8 weeks in vitro. Representative sections were stained
with safranin-O/fast green. Scale bars are: (A,C,E,G,I,K) 1.0 mm and (B,D,F,H,J,L) 200 mm.modulus (P! 0.001), GAG (P! 0.001) and collagen
(P! 0.001) [Figs. 3(A,B) and 4(A,B)]. Signiﬁcant interactive
effects of time and ring type on construct modulus
(P! 0.0001) and GAG content (PZ 0.01) were observed
[Figs. 3(B) and 4(A)].
Least-squares linear regression was used to investigate
the relationships between construct properties and adjacent
tissue composition (i.e., GAG content). The experimental
data formed two clusters because there was no overlap
between the GAG content of cartilage rings (5e10% ww)
and bone rings (0.2e1.5% ww). Regression analyses were
therefore performed for one ring type (cartilage or bone) at
a time. In addition, a natural log transformation of ring GAG
was found to best decrease residual cluster. For constructs
cultured in rings of cartilage, ring GAG content (log
transformed) showed signiﬁcant negative correlations withconstruct adhesive strength (R2Z 0.66, P! 0.005), mod-
ulus (R2Z 0.49, P! 0.05), and GAG content (R2Z 0.44,
P! 0.05). A doubling of ring GAG content was associated
with a 40 kPa decrease in construct adhesion, a 6.6 kPa
decrease in construct modulus, and a 0.2% ww decrease in
construct GAG content. In contrast, for constructs cultured
in rings of bone (VB or DB), which contained little GAG, ring
GAG content did not signiﬁcantly affect construct proper-
ties. No signiﬁcant relationships between ring collagen
content and construct properties were observed.
Diffusivities of molecular markers (3 and 70 kDa dex-
trans) in adjacent tissues were studied using the FRAP
technique, and data obtained for AC and DB are shown in
Fig. 5. Diffusion measurements could not be made for VB
samples using FRAP. In particular, VB samples exhibited
only minimal increases in the interstitial ﬂuorescence over
133Osteoarthritis and Cartilage Vol. 13, No. 2Fig. 2. Integration at the 10 nm scale. Ultrastructural appearance of constructs cultured as composites with rings of (A,B,D) articular cartilage
or (C) vital bone for 8 weeks in vitro. (A,C) Regions at the interface; (B,D) regions within construct away from the interface. Transmission
electron micrography. Scale bars: (AeC) 5 mm; (D) 200 nm; Asterix indicates the scaffold. Arrow points towards the construct in a region close
to the interface between the construct and the adjacent tissue.24 h of incubation in solutions of ﬂuorescent dextrans,
suggesting that these samples, which comprised high
densities of marrow, fat, and cells, were essentially
impermeable to the molecular markers. In the AC group,
samples had diffusion coefﬁcients [Fig. 5(C)] similar to
those previously reported for cartilage21,23,24. In the DB
group, samples had diffusion coefﬁcients that were 2e10-
fold higher than corresponding values obtained for AC
[Fig. 5(C)], and similar to values obtained for diffusion in
free solution25, presumably due to the large, interconnected
pores present in the DB samples. Diffusivity depended on
the type of tissue and the molecular weight of the dextran,
and a signiﬁcant interaction between the two factors was
observed (ANOVA P! 0.005). Post hoc analysis showed
signiﬁcant differences in diffusion coefﬁcients between the
AC and DB groups for 3 and 70 kDa dextrans [Fig. 5(C)].
Diffusion coefﬁcients also differed signiﬁcantly between 3
and 70 kDa dextrans for the AC and DB groups [Fig. 5(C)].Discussion
Our data consistently supported the hypothesis that
chondrogenesis and integrative repair in engineered carti-
lage depended on time and on adjacent tissue architecture,
composition, and transport properties. With increasing
culture duration, construct amounts of GAG and collagen
increased prior to measurable improvements in biomechan-
ical properties (Figs. 3 and 4), consistent with previous
studies4,12 and implying that deposition of cartilaginous
matrix preceded its assembly into mechanically functional
tissue. Chondrogenesis (modulus and GAG content) and
integration (adhesion) were better for constructs cultured
adjacent to bone than cartilage, and best for constructs
cultured adjacent to DB (Figs. 1, 3, and 4), ﬁndings that
could be rationalized by considering the differences in
adjacent tissue architecture (histological features), compo-
sition (GAG content) and transport properties (diffusivity).
134 E. Tognana et al.: In vitro cartilage integrationDifferences in adjacent tissue architecture contributed to
our ﬁnding that constructs integrated better with bone than
cartilage (Fig. 1). In particular, the construct interfaced with
the solid matrix of adjacent cartilage without any gaps or
intervening capsule [Fig. 1(C,D)], but structural integration
was provided mainly by focal intermingling of construct
collagen ﬁbers with native cartilage collagen ﬁbers
[Fig. 2(A)]. In contrast, interdigitation of construct-derived
cells and matrix with the macroporous trabeculae of
adjacent bone [Fig. 1(G,H,I,K)] enhanced integration be-
yond that due to networks of collagen [Fig. 2(C)]. Collagen
ﬁbril diameters [20e25 nm, Fig. 2(D)] were characteristic of
the type II collagen found in engineered cartilage made of
bovine calf chondrocytes26 and similar to the value reported
for maturing human hyaline AC (26 nm)27.
Within constructs, cells located closer to the interface with
the adjacent tissue had rufﬂed borders [Fig. 2(A)], whereas
cells located further from the interface had smooth borders
[Fig. 2(B)], consistent with a previous report of active
remodeling by interfacial construct-derived cells28. How-
ever, ultrastructural analyses did not show contiguous
collagen ﬁbrils spanning the interface of the construct with
either cartilage [Fig. 2(A)] or bone [Fig. 2(C)]. Consistently,
previous rabbit studies have shown discontinuities between
collagen ﬁbrils in the repair and native cartilages after
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Fig. 3. Construct biomechanical properties. (A) Adhesive strength
(kPa) and (B) compressive modulus (kPa) are shown after
composite culture of engineered constructs with articular cartilage,
devitalized bone or vital bone (AC, DB, or VB) for 3 days, 4 weeks,
or 8 weeks (3d, 4w, 8w). Data represent the averageG standard
deviation of nZ 6 independent samples. Individual and interactive
effects of culture duration and type of adjacent tissue (time, ring,
time & ring) are indicated by P-value and post-hoc comparison.
aSigniﬁcantly different from corresponding 4w sample. bSigniﬁ-
cantly different from corresponding AC sample. cSigniﬁcantly
different from corresponding VB sample.spontaneous healing of full-thickness cartilage defects by
polarized light microscopy29, and after implantation of
chondrocytes, by optical coherence tomography30.
Differences in adjacent tissue composition (GAG content)
also contributed to our ﬁnding that constructs integrated
better with bone than with cartilage [Fig. 3(A)]. Constructs
cultured in rings of bone, a tissue containing little GAG,
exhibited higher adhesive strength than constructs cultured
in rings of cartilage, and in the latter group signiﬁcant
negative correlations were observed between cartilage
GAG content and construct adhesion, modulus, and GAG
content. Therefore, GAG at high concentration (i.e., that
present in cartilage) may have inhibited integrative repair of
engineered cartilage constructs, whereas GAG at low
concentration (i.e., that present in bone) had little effect.
Consistently, the anti-adhesive properties of cartilage
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constructs with articular cartilage, devitalized bone or vital bone
(AC, DB, or VB) for 3 days, 4 weeks, or 8 weeks (3d, 4w, 8w). Data
represent the averageG standard deviation of nZ 6 independent
samples. Individual and interactive effects of culture duration and
type of adjacent tissue (time, ring, time & ring) are indicated by P-
value and post-hoc comparison. aSigniﬁcantly different from
corresponding 4w sample. bSigniﬁcantly different from correspond-
ing AC sample. cSigniﬁcantly different from corresponding VB
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ﬂuorescence recovery in images recorded at 0, 3, 8, and 18s (0s, 3s, 8s, 18s). Scale bar: 100 mm. (B) Ratio of ﬂuorescence recovery as
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is the radius in the frequency domain. Lines show non-linear curve ﬁts used to extract diffusion coefﬁcients. (C) Diffusivities of 3 and 70 kDa
dextrans (open and closed bars, respectively) in AC and DB. Data are the averageG standard deviation of nZ 6 independent samples.
aSigniﬁcantly different from the corresponding 3 kDa dextran.proteoglycans31, have motivated attempts to improve cell
adhesion and cartilage integration by the depletion of GAG
with the use of chondroitinase32, trypsin6 or the depletion of
smaller proteoglycans, decorin, and ﬁbromodulin by guani-
dine extraction33. Our previous cartilage tissue engineering
experimental19 and modeling34 studies have also shown
negative effects of tissue GAG content on construct rates of
GAG synthesis and deposition.
Differences in adjacent tissue transport properties may
be used to explain our ﬁnding that constructs integrated and
matured better in the DB group than in the VB group at the 8
week time point [Figs. 3(A) and 4(B)]. In the present study,engineered construct discs and adjacent tissue rings were
cultured in a dynamic laminar ﬂow ﬁeld (rotating bioreac-
tors) that provided efﬁcient convective transfer of nutrients
and regulatory factors to the surfaces of the constructs in all
groups, whereas adjacent tissue transport properties
mediated mass transfer at the discering interface. It is
reasonable to assume higher diffusivity into constructs from
adjacent DB compared to VB, given that in DB the
diffusivities of 3 and 70 kDa dextrans were high
[Fig. 5(B,C)] and comparable to those in free solution25,
whereas in VB the corresponding diffusivities were too low
to measure under otherwise identical conditions. Therefore,
136 E. Tognana et al.: In vitro cartilage integrationhigher transport rates in the DB group than the VB group
could explain our ﬁnding of better construct properties in the
DB group. One could also speculate that construct
cultivation adjacent to bone, itself a source of soluble
chondrogenic factors, may have enhanced chondrogenesis
in the DB and VB groups, and this would be consistent with
data in the literature showing that bone-derived factors
(e.g., bone morphogenetic proteins) were involved in
cellular signaling during chondrogenesis35, enhanced mat-
uration of engineered cartilage36, improved repair of full-
thickness cartilage defects in rabbits37, and increased
proteoglycan synthesis in explanted bovine AC38.
A number of previous studies have provided evidence to
support the importance of transport phenomena during
chondrogenesis39e47. During in vitro cultivation of engi-
neered cartilage, cell growth kinetics became increasingly
diffusionally limited39 and mass transfer slowed dramati-
cally, as assessed by the time constant of uptake of glucose
or 4.4 kDa dextran40; these ﬁndings were attributed to the
decrease in construct porosity accompanying chondro-
genesis. An inverse relationship between the proteoglycan
content and the diffusivity of native cartilage was also
supported by a study which showed that extraction of
proteoglycans from AC signiﬁcantly increased the mobility
of insulin or 70 kDa dextran41. More recently, the accumu-
lation of matrix macromolecules in engineered cartilage
signiﬁcantly decreased the diffusivities of a wide range of
sizes of dextrans42. In related studies, properties of
engineered cartilage were reportedly improved by culture
in mixed bioreactors rather than static vessels, to increase
convective mass transfer43,44 and by culture in perfused
bioreactors, to utilize convectiveediffusive transport within
the construct45,46.
In the present study, the rotating bioreactor provided
some mechanical factors (i.e., shear and pressure gra-
dients)26,44, but not others (i.e., tensile and compressive
loads) thought to affect cartilage repair in vivo4. The
integrating surface between the construct and the adjacent
tissue was oriented perpendicular to the articular surface,
a model most relevant to integration at the lateral margins of
an implant within a focal cartilage defect. The highest
adhesive strength achieved between constructs and carti-
lage was more than an order of magnitude lower than the
tensile modulus of cartilage4,48, implying the constructecar-
tilage interface may not withstand physiologic tensile loads.
(Tensile properties of the adjacent tissue ring were not
expected to have any signiﬁcant effects on mechanical
measurements because: (1) the ring was immobilized
during measurement of construct adhesive strength, and
(2) the ring was removed prior to measurement of construct
compressive modulus.) Further studies are needed to
extend the present model of integrative repair to a mechan-
ically loaded environment, such as a bioreactor designed to
apply speciﬁc stresses likely to induce ﬁssure initiation and
propagation, in order to explore how physiologic loading
may counter integrative repair.
Our in vitro model offered the advantage of a well
controlled environment for quantitative studies of integrative
cartilage repair without the inherent heterogeneities present
in vivo, in ectopic nude mouse models9,49e51 and in the
clinical setting of osteoarthritis. The present data pertaining
to integrative repair may be of some relevance to the clinical
problems of construct integration with adjacent cartilage
(e.g., implants placed in focal cartilage defects), and
adjacent bone (e.g., implants placed in defects in which
the osteoarthritic tissue was debrided down to the un-
derlying bone, due to subchondral bone pathology such asfractures, cysts, callus formation, or necrosis). Notably, our
ﬁndings pertain to freshly isolated calf chondrocytes
cultured in vitro, and further studies are needed to
determine whether adult human cells can potentially exhibit
similar responses in vitro, and ultimately in vivo.
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